INTRODUCTION
The gene mutated in patients with cystic fibrosis was recognized as a member of what is now known as the ATP-binding cassette (ABC) family [1] on the basis of the presence of sequences coding for two nucleotide-binding domains (NBDs) [2] . This family comprises the largest number of membrane transporter coding genes recognized in genomes sequenced to date [3] . These transporters are all made up of a minimal unit of two NBDs and two transmembrane domains (TMDs). The latter contain multiple (most commonly six) membrane-spanning helices and intervening hydrophilic loops on alternating sides of the lipid bilayer. The TMDs are believed to form solute translocation pathways across the bilayer. Many higher eukaryotic ABC transporters contain all four of these domains in a single polypeptide. This is the case for the ABCC subfamily, to which cystic fibrosis transmembrane conductance regulator (CFTR) belongs. Some of these contain additional domains as well, in the case of CFTR a large central highly charged cytoplasmic domain (R-domain) responsible for control of chloride channel activity by phosphorylation and dephosphorylation. As yet there has been no threedimensional structure determination of any ABC protein containing all four domains in a single polypeptide. Hence the exact domain boundaries are not known, limiting informative studies of their structure and function.
However, recently the three-dimensional structures of several polypeptides made up of one or two NBDs have been determined by X-ray crystallography [4] [5] [6] [7] [8] . A structure of a bacterial ABC gating itself. The boundary defined in this way is between residues 1420 and 1424, which corresponds to the final β-strand in aligned NBDs whose structures have been determined. Utilization of this information should facilitate the generation of monodisperse NBD2 polypeptides for structural analysis, which until now has not been possible. The established boundary includes within NBD2 a hydrophobic patch of four residues (1413-1416) previously shown to be essential for CFTR maturation and stability [Gentzsch and Riordan (2001) J. Biol. Chem. 276, [1291] [1292] [1293] [1294] [1295] [1296] [1297] [1298] . This hydrophobic cluster is conserved in most ABC proteins, and on alignment with ones of known structure constitutes the penultimate β-strand of the domain which is likely to participate in essential structure-stabilizing β-sheet formation.
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transporter with one NBD and one TMD within a single polypeptide has also recently been described [9] and progress has been made in the expression and purification of some mammalian four-domain transporters in sufficient quantities for crystallization trials [10] . However, despite continuing efforts CFTR has thus far remained refractory to three-dimensional structure analysis due to difficulties in purifying large quantities of the protein under the appropriate conditions. Even the isolated hydrophilic domains have been successfully expressed primarily as fusion proteins [11] [12] [13] [14] [15] [16] [17] , although in one case with somewhat adjusted boundaries, some soluble NBD1 has been expressed and purified and initial NMR experiments carried out [18] , and no structural analysis has been achieved. One reason for the difficulty in expressing these domains in soluble form amenable to crystallization or NMR analysis may be the choice of inappropriate domain boundaries, since these were initially assigned only on the basis of sequence alignment with other ABC proteins and intron-exon borders. The C-terminal boundaries of both NBDs in CFTR were difficult to localize, because NBD1 is followed by continued hydrophilic sequence which at some point (initially selected as the junction between exons 12 and 13) contains the initiation of the R-domain and NBD2 by an extension containing short sequence motifs that signal the cellular localization and endocytotic turnover of the protein and possibly other parameters [19] [20] [21] . Chan et al. [22] have recently functionally defined the C-terminal end of NBD1, by employing assays of chloride channel activity by co-expressed severed fragments of the protein, to be between residues 622 and 634. To define similarly the border between the C-terminal end of NBD2 and the C-terminal extension containing trafficking and other motifs, we now have analysed step-wise truncations for both functional activities of the CFTR, i.e. nucleotide binding and hydrolysis and regulated chloride channel activity. On sequence alignment with NBDs of known three-dimensional structure from prokaryotic ABC transporters NBD2 of CFTR appears to terminate with a five-residue β-strand preceded by a second highly conserved hydrophobic β-strand previously found to be essential for CFTR maturation and stability [23] . Hence, although the overall sequence similarity at the two NBDs of CFTR is not high and they are functionally distinct [24, 25] , they apparently have similar structural features near their C-terminal ends that are also likely to be essential in many other ABC proteins.
MATERIALS AND METHODS

Plasmid construction and stable expression of mutant and wild-type CFTR and multidrug-resistance protein (MRP1)
Plasmid construction, site-directed mutagenesis and CFTR expression in baby hamster kidney (BHK)-21 cells were carried out as described previously [23] . Replacements of amino acids with alanine residues were achieved using the QuickChange sitedirected mutagenesis kit from Stratagene (La Jolla, CA, U.S.A.). DNA fragments covering the mutation were sequenced completely and used to replace their counterparts in wild-type CFTR and MRP1 cDNA in pNUT [26, 27] . BHK-21 cells grown at 37 mC in 5% CO # were stably transfected and analysed as described previously [27] .
Immunoprecipitation and immunoblotting
Immunoprecipitations were performed as described [25] , with the exception that antibody 596 was cross-linked to Protein G-agarose using dimethyl pimelimidate according to the protocol by Schneider et al. published previously [28] . CFTR or CFTR fragments were detected by Western blotting using the mouse monoclonal antibodies L12B4 [29] and 596 [30] . MRP1 was detected with mouse monoclonal antibody 42.4 [31] .
Membrane preparation
Homogenization of BHK-21 cells stably expressing CFTR and membrane isolation were performed exactly as described earlier [25] . Membranes were pelleted at 100 000 g and resuspended in 40 mM Tris\HCl, pH 7.4, 5 mM MgCl # and 0.1 mM EGTA.
Photoaffinity labelling with 8-azido-[α-32 P]ATP
Photoaffinity labelling with 8-azido-[α-$#P]ATP and limited trypsin digestion were performed as described in detail previously [25] . Membranes isolated from BHK-21 cells stably expressing CFTR truncations were photolabelled with 8-azido-[α-$#P]ATP, digested with trypsin and immunoprecipitated with monoclonal antibody 596 that was cross-linked to Protein G-agarose. After SDS\PAGE (6 % polyacrylamide) the proteins were transferred to nitrocellulose. The nitrocellulose membrane was exposed to X-ray films. Subsequent Western blotting using anti-NBD1 and anti-NBD2 antibodies identified CFTR fragments.
Single-channel measurements
Microsomal vesicles used for single-channel recordings were isolated from BHK-21 cells stably expressing wild-type CFTR or different CFTR variants. All preparative procedures, as well as single-channel measurements, were performed as described previously [32] .
Figure 2 Single-channel records of C-terminally truncated CFTR molecules
Measurements were performed at 21 mC in a symmetrical solution of 300 mM Tris/HCl, pH 7.2, 3 mM MgCl 2 , 1 mM EGTA, in the presence of 2 mM ATP at the ' cis ' side only. Each trace shows a record of 2 min duration. Transmembrane potential difference V m was k75 mV. Conductance γ was 9.5 pS (picosiemens) for wild-type (wt), 1440X CFTR, and 1430X CFTR, 9.7 pS for 1425X CFTR, 9.5 pS for 1420X CFTR, 9.6 pS for 1410X CFTR, 9.7 pS for 1400X CFTR, and 9.3 pS for 1390X CFTR and 1380X CFTR. All-points histograms were prepared from 10-min records, shown at the left of each record, from which open probabilities (P o ) were calculated. Each experiment was performed at least four times. Error bars are S.D.
RESULTS AND DISCUSSION
Effect of C-terminal truncations on photoaffinity labelling of CFTR with 8-azido-ATP
Comparison of NBD2 of CFTR with the NBDs of other ABC proteins whose three-dimensional structures have been determined [4] [5] [6] [7] [8] and the finding of Chan et al. [22] that the C-terminal end of NBD1 of CFTR extends more than 50 amino acids past the Walker B motif suggests that the C-terminal end of CFTR NBD2 might be between residues 1420 and 1440. As one approach to test this prediction, based on the assumption that removal of its terminus would impair its function, the influence of successive five-residue truncations on photolabelling with 8-azido-[α-$#P]ATP was determined. We had found previously that truncation at amino acid 1410 almost completely prevented conformational maturation of the protein [23] , preventing a clear-cut assessment of its functional competence. Fortunately, however, shortening to residue 1420 was possible without any hindrance of maturation ( Figure 1A ). It can be seen that with each of the truncations between amino acids 1440 and 1420 as much mature CFTR with complex oligosaccharide chains (major band of lower mobility in Figure 1A ) is formed as with wild-type. This makes it possible to use this set of truncations to assess the requirement for residues at the C-terminal end of NBD2 for nucleotide binding and hydrolysis. Limited trypsin digestion cleaves the intact membrane-bound protein between the NBDs, and immunoprecipitation of fragments containing each with site-specific antibodies enables their identification [25] . Since the C-terminal truncations slightly reduce the size of the NBD2-containing fragments, the identities of the large bands containing them were confirmed in immunoblots probed with NBD-specific antibodies ( Figures 1D and 1E) . In experiments that were repeated three times with same results, both NBD1 and NBD2 of wild-type CFTR were photoaffinity labelled ( Figure 1C, lane 1) , as shown previously [25] . Although the large NBD2-containing band is more intense in 1440X than in wild-type, when the radioactivity in this band and the smaller NBD2 band are summed, the totals in wild-type and 1440X are the same. The summed amounts in the two bands relative to wild-type or 1440X are : 82 % for 1435X, 40 % for 1430X and 13 % for 1425X. The variant truncated at residue 1420, however, was labelled only at NBD1 ( Figure 1C) ; there was no labelling of NBD2, indicating that it was not able to bind or hydrolyse the ATP analogue. Isolated NBDs of CFTR expressed heterologously in bacteria, primarily as fusions with other proteins, although in most cases still not entirely soluble or monodisperse, have been shown by several groups to bind and in some cases hydrolyse ATP [11, 13, 17, 18, 33] . Most of the studies were done expressing NBD1 with different construct domain boundaries. Even peptides of 67 amino acids containing the P-loop of NBD1 were shown to bind (but not hydrolyse) ATP [34, 35] . There have been few studies with NBD2. Analyses of a putative NBD2 domain (residues 1208-1399), expressed as a fusion protein, led to the conclusion that this fragment has ATPase activity [12, 36, 37] . Again, even is required for correct processing of CFTR. The hydrophobic cluster in NBD2 can be replaced by the corresponding sequence from NBD1 (ILIL, residues 616-619 ; boxed in black) without affecting maturation of CFTR. Amino acids sequences used to exchange the hydrophobic patch in NBD1 and NBD2 are indicated above each lane. Whole cell lysates were electrophoresed on a 6 % polyacrylamide gel, transferred to a nitrocellulose membrane, and a Western blot was performed using monoclonal anti-CFTR antibody 596. (C) The hydrophobic patch is conserved in ABC proteins. Alignment of sequences of CFTR C-terminal domain with MRP1, SUR1 and P-glycoprotein (P-gp), starting with NBD2 Walker B aspartate. Hydrophobic amino acids forming a hydrophobic patch are highlighted in grey. (D) The hydrophobic patch is essential for maturation of MRP1. Whole-cell lysates of stably transfected cells, expressing wild-type or mutant MRP1, were electrophoresed on a 6 % polyacrylamide gel, transferred to a nitrocellulose membrane and a western blot was performed using monoclonal anti-MRP1 antibody 42.2. Alanine residues were used to replace the indicated amino acids VIVL (residues 1497-1500, highlighted in grey in Figure 3C ), which form the hydrophobic cluster in MRP1.
much shorter synthetic (51 residues) peptides, corresponding to sequence around Walker A of the second nucleotide-binding fold of CFTR (residues 1228-1278), were able to bind ATP [38] .
We have recently found that NBD2 of the full-length wild-type protein is a site of rapid hydrolysis, such that when presented with 8-azido-[α-$#P]ATP as substrate the radioactive compound bound after photoactivation is almost exclusively 8-amido-[α-$#P]ADP [30] . Since much shorter portions of the domain bind but do not hydrolyse ATP (see above), it is likely that minimal C-terminal truncation prevents hydrolysis rather than just binding.
Hence, the C-terminal boundary of NBD2 may be localized in the region of amino acid 1420 where no azido-ATP labelling and hydrolysis could be detected. NBD1 labelling in the C-terminal truncations was not different from wild-type and therefore there is no indication that the C-terminal truncations have any influence on nucleotide interaction with that domain. This is in good agreement with recent findings that Walker A motif lysine
Figure 4 Structure of the C-terminal end of NBD2
(A) Alignment of CFTR NBD1 and NBD2 with HisP, MalK, and the ABCs of TAP1 and LolD (MJ0796). The secondary structure derived from HisP is shown on top. The boundary between the MalK ATPase and regulatory domain is shown as a bar in magenta. The C-terminal boundary of CFTR NBD1 as determined by Chan et al. [22] is underlined in magenta. The hydrophobic cluster FLVI (orange) in NBD2 of CFTR forms the second to last β-strand in the domain. The last β-strand in the NBD2 corresponds to amino acids 1420-1424 in CFTR. This sequence, underlined in magenta, defines the functional C-terminal border of CFTR. (B) Crystal structure of MJ0796 (upper left) and the ATPase domain of TAP1 (lower left). Structures were derived from the National Center for Biotechnology Information using the program Cn3D 3.0. The hydrophobic patch in the second to last β-strand (shown in orange) is in close proximity to the β-strand preceding Walker A, and the last β-strand in the domain, which appears to define the C-terminal boundary of NBD2 in CFTR. Mg 2 + ions are shown as grey spheres. The C-terminus of the domains is labelled with a C. On the right side of the upper and lower panels the CFTR-NBD2 amino acid sequence was aligned to MJ0796 and the ATPase domain of TAP1 respectively, by gapped-BLAST. Similarities between CFTR-NBD2 and MJ0796 or TAP1 ATPase domains are shown on the crystal structure using the colour setting ' Weighted Variety '. Red correspond to identical residues, bluish-red represents very similar residues, reddish-blue stands for similar residues, blue represents residues that are aligned and grey correspond to sequences that do not align.
substitutions in one NBD ablate labelling of that domain without influencing that of the other [30] .
C-terminal truncations impinging on NBD2 severely impair CFTR channel function
Although both NBDs of CFTR play a role in channel gating, mutagenesis of crucial residues involved in nucleotide binding in NBD2 have a much greater effect on the kinetics of gating than the corresponding changes in NBD1 [24, 39] . Not surprisingly, deletion of a large portion of NBD2 also drastically reduces channel activity [40] . Therefore it is reasonable to assume that Cterminal truncations reaching into NBD2 might impact channel gating. To monitor single channel activity, membrane vesicles from BHK cells heterologously expressing step-wise C-terminal truncations were fused with planar lipid bilayers, as we have done previously with wild-type CFTR [32, 41] . As can be seen CFTR second nucleotide binding domain boundaries Figure 4 For legend see opposite page # 2002 Biochemical Society from the single-channel tracings and all-points histograms in Figure 2 , robust activity was exhibited by truncations 1440X, 1430X and 1425X, as well as wild-type. As indicated by the composite bar graph, each of these variants exhibits a channel open probability of approx. 0.2 at this temperature (21 mC). From this we can conclude that truncation at amino acid 1425 leaves NBD2 functionally intact. However, a mutant truncated at amino acid 1420, as well as deeper truncations (1410X, 1400X, 1390X, 1380X), have greatly reduced channel activity as indicated by these tracings. The open probability is 4-5 times lower than that of the wild-type. Therefore removal of the residues between positions 1420 and 1425 strongly diminishes channel activity. However, this does not absolutely lead to the conclusion that the C-terminal boundary has been violated, since the C-terminus itself could impact channel function. However, under the conditions we measured, no obvious difference could be detected between wild-type and the 1440X mutant. In addition, several other studies showed that the C-terminus did not seem to be of great importance to channel function [42, 43] , although interactions of the last four amino acids may modify channel function slightly [44, 45] .
A hydrophobic patch at the C-terminal end of NBD2 is important for the integrity and stability of the domain
Interestingly, localization of the end of NBD2 between residues 1420 and 1425, as suggested by the two functional assays, places a hydrophobic cluster of four amino acids (residues 1413-1416) just within the domain. We had found previously that residues with hydrophobic side chains were required at each of these four positions for the biosynthetic maturation and stability of the whole protein [23] . As expected, substitutions of the hydrophobic amino acids by alanine residues resulted in the lack of any chloride channel activity in an isotope efflux assay [23] . Furthermore, no photolabelling of NBD2 with 8-azido-[α-$#P]ATP was detected (results not shown).
An alignment of NBD1 and NBD2 of CFTR reveals an equivalent hydrophobic patch in the first nucleotide binding domain (ILIL ; see Figure 4A ). When those four amino acids in NBD1 were substituted by alanines, the result was the same as that observed on similar substitution in NBD2, and immature core glycosylated CFTR peptides were not converted into the mature fully glycosylated form ( Figure 3B, lane 3) .
Replacement of the hydrophobic cluster in NBD2 with the hydrophobic patch from NBD1 permits the formation of a correctly folded NBD2 domain, and complete maturation, similar to wild-type protein, is achieved ( Figure 3B, lane 4) . However, exchange of the NBD1 patch with the hydrophobic cluster from NBD2 does not permit maturation ( Figure 3B, lane 5) . Reciprocal exchange of the two clusters is also not permissive ( Figure 3B , lane 8). Although the two NBDs of CFTR are homologous and both interact with ATP, they share only approx. 30 % identity and differ in many features, including extent of nucleotide binding, hydrolysis and dissociation [25, 30] . NBD2 appears to be more accommodating of amino acid substitutions within this hydrophobic tetrapeptide. The bulky aromatic side chain of the phenylalanine residue in the NBD2 cluster may not fit in the comparable position in NBD1 and therefore prevent its correct folding.
Intriguingly, the hydrophobic patch is conserved in all NBDs of members of the ABCC subfamily, as well as in other members of the ABC superfamily. An alignment illustrating this in NBD2 of CFTR, MRP1, sulphonylurea receptor (SUR1) and P-glycoprotein is shown in Figure 3(C) . Replacing the hydrophobic cluster VIVL in MRP1 by alanine residues has the same impact as does the similar alteration of CFTR ( Figure 3D ). The NBD1 boundaries defined by Chan et al. [22] and the C-terminal boundary of NBD2 resolved in this study place the hydrohobic patches inside these domains. Thus it seems likely that this hydrophobic segment is generally required for the structural stability of the NBDs of ABC proteins.
Distinct C-terminal segments of NBD2, which impact CFTR maturation or channel function, are predicted to form the last two β-strands in the domain
The crystal structures of ABC proteins such as HisP, MalK, TAP1 and LolD (MJ0796) closely match each other in their main structural features [4] [5] [6] 8] . The ATPase domains are composed of three subdomains : the ATP-binding core, an antiparallel β-sheet and an α-helical domain containing the ABC-specific signature motif LSGGQ. The main structural component of the ATP-binding core, besides several α-helical structures, is a mixed six-stranded β-sheet, which has a structural topology similar to the nucleotide-binding core of F1-type ATPases [7, 46, 47] .
Alignment of NBD2 of CFTR with ABCs of known structures, suggest that the hydrophobic patch forms the central part of the second to last β-strand in the domain ( Figure 4A ). This strand is part of the six-stranded β-sheet of the ATP-binding core, which comprises important modules like the β-strand preceding the Walker A motif and the Walker B motif β-structure [6, 7] ( Figure 4B ). The hydrophobic cluster-containing β-strand is orientated antiparallel to the β-strand proceeding Walker A at the N-terminal end of the domain and parallel to the last β-strand at the C-terminal end of NBD2 [shown for LolD (MJ0796) and TAP1 in Figure 4B ].
The hydrophobic cluster-containing β-strand appears to play an important role in ensuring the integrity of the domain most likely by contributing to the stability of a correctly folded β-sheet in the ATP-binding core subdomain. So far, no cystic fibrosis causing missense mutations have been described in the hydrophobic cluster in NBD2. There are, however, two diseaseassociated mutations in the hydrophobic patch in NBD1. Both mutant proteins, I618T and L619S, fail to mature, when expressed in COS1 or HEK-293 cells [48, 49] .
While truncating or mutating the hydrophobic patch to alanine residues disrupts the stability of the domain and prevents maturation of CFTR, truncating the putative terminal β-strand (amino acid 1420-1424) in NBD2 does not affect maturation, but disturbs function. The proposed C-terminal end of NBD2 in CFTR matches well with the C-terminal boundary of the MalK ATPase domain, which separates it from its regulatory subunit ( [5] and Figure 4B ). It is also corresponds well to the Cterminal boundary of NBD1, which was determined by assessing the activity of severed CFTR molecules [22] . CFTR was expressed in two halves, choosing the cleavage site close to a probable C-terminal end of NBD1, and channel activity was taken as a measure of an undisturbed NBD1 domain ( Figure 4A ). This approach revealed that the C-terminus of NBD1 lies between amino acids 622 and 634. The alignment of NBD1 and NBD2 shows that this is exactly the region where we propose the Cterminal boundary of NBD2, which we narrowed down to within five amino acids (residues 1420-1424). From structural considerations it seems very likely that the last β-strand in the domain represents its final structural element, which would precisely define the C-terminal margin as amino acid 1424. Consequently NBD2, like NBD1, consists of about 200 amino acids and extends past the Walker B aspartate by approx. 50 amino acids. Amino acid position 1424 in CFTR is occupied by a tyrosine residue, which was implicated in endocytosis of the protein through interaction with a subunit of the clathrin adaptor protein complex AP-2 [20, 50] . A dileucine motif at position 1430\1431, which is also involved in protein internalization from the cell surface, can consequently be considered as part of the C-terminal extension beyond NBD2.
In several ABC proteins such as HisP, TAP1 and LivG (MJ12267, [7] ) α-helical structures follow the last β-strand at the very C-terminal end of the domain. Those helices, however, do not exist in LolD (MJ0796), which ends directly after the last β-strand, and hence they may have very little impact on function or stability. Considering the somewhat reduced 8-azido-ATP labelling of 1425X and 1430X CFTR truncation mutants, we can not completely rule out a contribution of those α-helical structures to NBD2 integrity. CFTR channel function, however, under the conditions that we measured, was not affected when those regions were deleted.
Note added in proof (received 1 July 2002)
Since the original submission of this manuscript, a second highresolution structure of a complete bacterial ABC transporter has been published [51] .
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